Abstract. This work reports observations of a tokamak plasma that experienced a thermal quench due to a large, transient high-Z influx but avoided a current quench. This is argued to be caused by the presence of lower hybrid range of frequency (LHRF) waves that sustain a non-thermal, current-carrying electron population. In Alcator CMod L-mode plasmas at I p =450 kA,n e = 0.5×10 20 m −3 , nearly all of the current can be sustained non-inductively by injecting 700 kW of LHRF power at 4.6 GHz and n = 1.9. A sudden influx of a large amount of tungsten, n z /n e 0.0044, triggers a cooling wave that propagates at 2-3 m/s all the way into the core, dropping on-axis T e from 3 keV to temperatures less than measurement floor of 50 eV. An off-axis reheat begins after 100 ms, but T e profiles remain hollow for 300-350 ms after the injection. Throughout this temperature evolution, the plasma density, current and shape remain unchanged to within 10%. Following the expulsion of the tungsten, the plasma returns to its baseline conditions and the plasma ends as planned with a controlled current ramp-down. Energy balance analysis shows the LHRF power continues to be absorbed in the plasma after the thermal quench, as a significant fraction of it is needed to be consistent with radiated power measurements. Examination of current relaxation time, τ R , and fast-electron slowing down time, τ S , indicate the LHRF must contribute to driving current, despite the low temperatures, as the current remains nominally stationary despite τ R < 5 ms and τ S < 50 ms for relativistic electrons. These measurements represent an important existence proof of a possible technique for avoidance of disruptions caused by sudden, unplanned influx of impurities in the form of dust or flakes of high-Z wall material. Implications and suggestions for future work experimental and modeling and simulation work are summarized.
Introduction
Extending the success of laboratory demonstrations of magnetically confined, high temperature plasmas to a scale that can support commercial generation of power from fusion requires closing a range of science and technology gaps [1] . A pernicious class of problems are transient, high power bursts of heat and particles from the plasma, and one subset of these, disruptions, are unique to the tokamak configuration where an internally carried current generates a necessary part of the magnetic field. Many authors discuss the various factors which cause disruptions [2] [3] [4] and describe in more detail the various stages, most notably the thermal quench (TQ), where the a substantial amount of stored energy is shed and the subsequent current quench (CQ) during which the internal poloidal magnetic field energy is lost. Predicting the onset of a disruption so that it can be avoided or its effects ameliorated is an active field of fusion energy research; both physics-based and machine-learning approaches are under development. One disruption trigger that is prone to occur without warning is a sudden influx of impurities into the plasma caused by a piece of dust or flake from plasma facing components. These have been characterized in present machines [5] and while larger devices may gain some mitigation by virtue of increased size relative to a fixed size of dust or flake, it is anticipated that such scenarios will exist on ITER and reactor-scale tokamaks.
In this manuscript we report on a rare event from Alcator C-Mod in which an injection of intrinsic tungsten occurred during an L-mode discharge whose current was sustained almost exclusively with lower hybrid current drive (LHCD). The plasma loses nearly all of its thermal stored energy due to tungsten radiation, and a cooling wave, with T e,min < 50 eV, propigates all the way to the core. The baseline plasma conditions are recovered over 300-400 ms as the tungsten leaves the plasma and the shot terminates via a planned, controlled current rampdown. In contrast to inductive scenarios, or non-inductive scenarios where generation of current relies on maintaining high core temperature, there is no destabilization of macroscopic MHD modes or subsequent current quench. The line-averaged density and plasma current are sustained with 10% variations, and the plasma shape does not meaningfully change. The absence of MHD and a CQ despite the thermal quench is conjectured to be caused by current being driven off-axis and sustained by non-thermal albeit non-relativistic electrons fed by LHRF waves. In this manner, the tokamak helicity is maintained via wave-particle interactions, independent of the thermal plasma conditions. Such a response is remarkably similar to that of helical-devices [6] [7] where rotational transform is maintained by external coils instead of external microwave injection. The behavior during this unusual LHCD shot is in contrast with the typical behavior in inductive scenarios terminated by unplanned high-Z injections, an example of which is shown in Figure 1 . Here the elevated radiated power triggers a slow cooling wave, which only reaches mid-radius before triggering a fast TQ and then a transition to a CQ. These primary findings are described in detail in the following sections. In Section
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Figure 1: Example of a typical disruption caused by an unplanned high-Z influx in an inductively driven plasma. P RAD P IN leads to a cooling wave propagating in to midradius, triggering the MHD instability responsible for the fast thermal-quench which transitions to the subsequent current quench.
2, the Alcator C-Mod tokamak and LH systems are described, and a summary of the relevant plasma discharges is presented. The focus is on three discharges, a typical LHCD reference, a LHCD shot with a thermal quench only and a LHCD shot with an atypicla thermal quench that also transitions to a current quench. These plasmas are discussed in more detail in Section 3 where evidence is presented to demonstrate that the lower hybrid power is being coupled and is playing an important role in sustaining the helicity via non-thermal electrons, thus avoiding the current quench. This collective behavior is is referred to as LH CQ-avoidance. Section 4 completes the manuscript by discussing opportunities for further investigation through modeling/simulation as well as new experiments.
Experimental Summary and Plasma Thermal Response
Alcator C-Mod is a compact, high-field tokamak which operated from 1991-2016 [8] and utilized high-Z (Mo, W) plasma facing components over its entire lifetime. A major theme of its research was investigation of the physics and technology of RF heating and current drive at ITER field and density. Lower hybrid range of frequency (LHRF) power at 4.6 GHz was coupled to the plasma through a multi-waveguide launcher [9] [10], which for these plasmas was phased to deliver power at n = 1.92. For a line-averaged density,n e = 0.5 × 10 20 m −3 , and on-axis field, B T = 5.4 T, the launched waves are above the critical parallel wavenumber, n ,crit = 1 − ω 2 pi /ω 2 0 + ω 2 pe /ω 2 ce +ω pe |ω ce | 1.5, making the waves accessible to the full plasma, independent of plasma temperature. The wave-damping process for LH waves in plasmas starting with Maxwellian electron distributions is considered to be due to Landau damping for electrons with parallel velocities v 3-5v th,e , with v = c/n and v th,e = 2T e /m e is the electron thermal velocity [11] . LHCD has been widely demonstrated on a number of devices [12] [13] [14] [15] [16] including Alcator C-Mod [17] [18] where fully non-inductive operation was regularly achieved. The exact mechanisms by which damping and current drive of waves launched at low-n occurs in the post-TQ plasmas is not investigated in this manuscript, but Section 3 discusses how power balance and timescales indicate that both are occurring.
The original purpose of the plasma shots focused on in this manuscript was to investigate the reversed shear advanced tokamak (AT) regime [19] , but they exhibited noteworthy behavior due to their response to unplanned high-Z impurity injections. Figure 2 shows time histories of three plasmas that characterize the evolution, with Figure 2a comparing shot 1101201023 (blue traces), a typical LHCD reference plasma, with 1101201020 (orange traces), a similar shot that was subjected to a large, unexpected influx of tungsten. The increased radiated power in 020 drives down the plasma temperature, but the current and density remain nominally fixed compared to the reference shot, and the temperature eventually recovers after 300-400 ms. In Figure  2b , shot 020 is compared to 1101201019 (black traces) which also was exposed to a large tungsten influx, causing the core temperature to collapse, but ultimately that shot ends in a typical current quench. Details of why shot 019 differs from 020 are discussed below, but a key factor was the the loss of vertical stability in 019. Comparing the evolution for t > t IN J shown in Figure 2b , the slower rise in radiated power in 019 results in a delayed start of the drop in core T e . The soft x-ray brightness from tungsten increases by more than a factor of two compared to 020 as the slower drop in temperature allows more tungsten to ionize up to x-ray radiating charge states.
Both shots 019 and 020 demonstrate a much different behavior than the canonical example of a TQ leading to a CQ shown in Figure 1 . The former shows the ability to drop the core electron temperature below the minimum temperature measurable by the core Thomson scattering, i.e. T e 50 eV, without triggering MHD instabilities which normally occur when the cooling wave reaches the m/n = 2/1 surface. In Figure 3 , the primary difference between 019 and 020 is demonstrated to be the vertical field index, normalized to the critical index, |n v /n v,crit |. Maintaining this value below unity is good estimate for maintaining vertical stability [20] . In 019, |n v /n v,crit | is sufficiently large and the plasma begins to move vertically, as shown by a change in the Z position of the magnetic axis, at 80 ms following the injection, just when the core temperature is reaching its minimum. Both shots maintain their plasma shape, according to magnetics-only equilibrium reconstructions, even though the thermal stored energy has been radiated away. In the case of 020 the magnetic geometry and vertical position is maintained all the way through the recovery of the temperature profile as well. This is further confirmed by examining the Thomson scattering density profile, which is measured along a vertical chord that goes through the magnetic axis. An updown symmetric density profile is maintained during both the thermal collapse and the recovery in 020, and in 019 the vertical motion is evident following the density for Z > 0 and Z < 0. Note that in the execution of that day's experiment, the unique behavior of these shots was remarked upon, but not studied in detail. Between discharges 019 and 020, the machine operator adjusted the maximum poloidal field coil currents in order to improve vertical stability. The net result was for the plasma control system to reduce the maximum current in the largest major radius PF coil, EF4, by over a factor of two and increase the smaller major radius coils EF2 and EF3 by approximately 50%. Following 020, the high-Z influxes were no longer a problem and the experiment proceeded with its original intent. Despite occuring in 2010, no attempt was made to intentionally repeat this unusual behavior during the remaining years of C-Mod operation.
In Figures 4 and 5 the spatio-temporal evolution of the radiation and temperature, and their connection, are explored for 020. As discussed in Appendix A, the midplane resistive bolometer system is impacted by sensor heating from LHRF, but the midplane AXUV diode arrays [21] can be used to qualitatively examine the radiation with the advantage of faster time resolution. Figure 4 shows the radiation increasing at the edge and moving inward, reaching a maximum in less than 100 ms. For t − t IN J > 100 ms there are several transient bursts of emissivity in the core, r/a = 0.00. By comparing AXUV arrays that are viewing in two different toroidal directions at the same tangency radius [21] , these are found to be axisymmetric. Off-axis, there are weak, intermittent non-axisymmetric radiation features, evident for t − t IN J < 40 ms and t − t IN J > 100 ms for r/a = 0.20. Following the radiation rise, the temperature collapses from the outside in, and a cooling wave moves all the way to the core. The measured Thomson data are shown in Figure 4 along with a time-evolving fit which is also shown as a contour plot in Figure 5 . The fit is computed as T e (Z) along the Thomson scattering chord at R = 0.69 m, which is nominally on-axis. Due to the non-thermal electron population from LHRF, the fast electron cyclotron emission tool used in Figure 1 cannot be used. Nevertheless, a similar cooling wave is evident in the Thomson data which moves inward at a similar speed but penetrates all the way to the core. In this discharge κ=1.57, so the 2.3 m/s overlaid actually indicates a sightly faster speed when expressed in change relative to low-field side midplane radius, as done for the inductive shot in Figure 1 . The reheat of the plasma begins off-axis, indicating where the heating power is being deposited, and the temperature profile remains weakly hollow until t > 1.5, over 100 ms after the LHRF is turned off, as the final tungsten works its way out of the plasma. Power balance estimates, discussed below indicate that two-thirds of the energy deposited after the high-Z injection until the LHRF is turned off comes from the lower hybrid.
Prior to the high-Z injection the ion temperature is measured using Doppler broadening of He-like Ar emission and found to be roughly half of the electron temperature, consistent with prior mesurements in low-density, LHCD plasmas [22] . Due to the drop in T e and the loss of soft x-ray emission, the T i cannot be quantitatively followed throughout this time period, but the Doppler broadening does fall and recover, indicating a drop in T i along with T e . Also the ion-electron energy exchange timescale, τ E ie , can be calculated using τ /T e where T e is in units of eV [23] . While τ E ie starts off at 100 ms when T e = 3 keV, it drops below 1 ms for T e < 100 eV. Thus, as the electron temperature drops and the cooling waves moves inward, the ion temperature will be pulled down keeping T e = T i and the ion stored energy will be lost as radiation after being transferred to the electrons.
The ability of tungsten to drive the temperature relatively slowly down to 10's of eV is also unexpected, but explainable. In inductive scenarios with auxiliary heating where
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Dt=70 ms Dt=120 ms Dt=135 ms Figure 3 : Comparison of evolution of vertical stability (|n v /n v,crit |, dashed) and vertical position of the magnetic axis (ZMAGX, solid) for both shots which experienced high-Z injections. Between 019 and 020 a purposeful change in PF coil programming was done to improve vertical stability independent of the high-Z injections macrostability is maintained in the presence of on-axis accumulation of tungsten, the T e profile becomes hollow and on-axis temperatures typically collapse to 500 eV. An example of this is shown on JET for JPN 85413 [24] . This behaviour is consistent with the core temperature dropping to below the peak in the tungsten cooling-curve, L z (T e ) at 1.5 keV [25] and being on the side where ∂L z /∂T e is > 0, indicating that if T e would be further decreased so would the radiation, and the plasma reaches a stable thermal equilibrium. On C-Mod shot 1101201020, VUV spectroscopy after the injection shows the rise and then fall, for t − t IN J > 67 ms, of the unresolved transition arrays from 1.5-7.0 nm that are characteristic of ionization stages of tungsten from W 24+ -W 34+ [26] [27]. There is another local maximum in L z at 40-50 eV for n = 5 emission for weakly ionized tungsten, W 8+ or below, charge states characteristic of divertor and SOL plasmas. This further reinforces the Thomson measurements that plasma is getting extremely cold. As shown in Appendix A, peak on-axis emissivity of ε =5 MW/m 3 is estimated at t 1.2 s, t − t IN J 40 ms, as the core temperature moves through the peak of the L z . This allows a rough calculation of the tungsten density via n z = ε/ (n e L z ), estimated to be n z = 2.2 × 10 17 m −3 or n z /n e =4.4e-3. This amount of tungsten can impact Z ef f and dilution, n i /n e , but is strongly temperature dependent as the mean ionization stage drops from Z W = 43 at T e =3 keV to Z W = 23 at T e =500 eV and Z W = 9 at T e =50 eV [25] .
Evidence for Continued LHCD in post-TQ Plasma
The details discussed in Section 2 demonstrate an atypical behavior, notably the lack of change of plasma density, shape and current in response to a thermal collapse caused by a large, unplanned influx of tungsten. In this section we examine the non-thermal electron response and provide evidence based on energy balance and timescales that the LHRF waves continue to be absorbed and drive current through the TQ and recovery.
In Figure 6 , the same discharges and color are used as in Figure 2 , now plotting loop voltage and a measure of the hard x-rays relative to the current and input power. The hard x-rays are measured using a photodiode coupled to an x-ray scintillator, the same instrument that was used to demonstrate [28] C-Mod plasmas start to transition to the runaway regime for toroidal electric fields well above the Connor-Hastie limit [29] . For shots 019 and 020 which feature the thermal collapse, the quasi-continuous hard x-ray emission, e.g. not when the transient spikes occur, is over 100 times higher than in the LHRF reference, 023. For t−t IN J < 0 sec, both 019 and 020 show a LHCD-driven reduction in loop voltage compared to Ohmic matching 023, but both show the loop voltage increasing following the injection. In 020, V LOOP rises to a peak of 1.5 V from just after the injection and falls back to the LHCD baseline by t=1.3 seconds, a trend which is followed, but slightly delayed by the hard x-rays. This is discussed in more detail below. In 019, the loop voltage remains relatively close to the LHCD baseline until 126 ms after the injection, correlated to the first spike in the hard x-ray, interpreted to be due to fast-electrons being lost and hitting the molybdenum PFCs. This is past the time at which the core of the plasma reaches its coldest point and when the plasma transitions from diverted to limited on the upper plate, as shown in Figure 3 . Following this, the LHRF power drops out, and the plasma current begins decay, causing the feedback control system to ramp up the loop voltage. After further x-ray spikes and thus further loss of fast electrons, the plasma transitions to a typical current quench resulting in a large loop voltage spike over 10 V. This dynamic behavior shows that it was neither the loss of thermal stored energy nor even the vertical displacement that prompted the current quench, but the loss of LHRF power and the loss of the plasma's fast-electron population along with the inability of Ohmic current drive to compensate.
The distinction between 'fast' and 'runaway' electrons is somewhat ambiguous within the context of this work. The hard x-ray sensor data shown in Figure 6 shows that the energy of the electrons is above that during a normal LHCD shot, but data shown in Figure 7 indicate that for the LH CQ-avoidance shot, 1101201020, they are also not relativistic. In Figures 7a-c, camera images from the wide-angle, main-chamber camera are shown during three different plasmas. The camera is a CMOS sensor in a reentrant tube that positions it close to the plasma in order to get the wide-angle view. In 7b, a high-contrast image shows a low-density plasma where the darker regions indicate the plasma wall interactions, and the center-colum and lower divertor are discernible. In Figures 7d and 7e , the hard x-ray detector signal is plotted for the respective shots in 7a and 7c, with the time region over which the camera data are averaged indicated by vertical dashed lines. In Figure 7c , the typical view of the recycling light is replaced with a camera image that looks like noise, but is composed of many hard x-ray events absorbed in sensor. In Figure 7a the hard x-ray signal is present but there is also emission on the left side of the image near the midplane of the plasma which is due to visible synchrotron emission from relativisitic electrons. This camera has been used previously and its pattern interpreted as part of runaway electron studies [30] . The hard x-ray diode allows further qualitative comparison between these shots. The runaway shot, 1110207023 occurs during the current ramp, and the frame captured shows a diode signal of mulitple µA. In contrast, while there a few spikes up to 0.10-0.15 µA on 1101201020, the slowly varying signal stays 50-100 times lower than the relativistic shot. Although not shown, there is no evidence of synchrotron emission on 1101201019 either. Cursory analysis of the hard x-ray imaging diagnostic [31] indicates that following thermal collapse, there is a drop in the core emission and an increase in the up/down asymmetry, the latter of which is characteristic of the 100 keV electrons emitting x-rays more in the direction of current drive, characteristic of an increase in parallel velocity. Further quantitative analysis of that instrument may reveal more information on the phase-space evolution of the fast electron distribution function, but this is left to future work when it can be paired with predictive modeling to aid in its interpretation. For now, it is sufficient to say that the post-TQ electron velocity is somewhere above the 3-5 times v th,e during normal LHCD operations but reasonably below the speed of light. Examining the data presented so far, it remains plausible that continued LHCD is the reason why both 019 and 020 survived the thermal collapse and in the case of 020 completely avoided a current quench. The lack of a change in density indicates that the n = 1.9 waves continue to be accessible, but the change in temperature would require a large n upshift to drive current at lower temperatures during the reheat phase. At this time we cannot rule out that there may be an important synergy between the small loop voltage pulse that is seen in 020 following the thermal collapse, but the following analysis shows that LHRF is being absorbed by the plasma and that some means of current drive is needed to explain the lack of change in I p .
We make an argument based on energy balance that a majority of LHRF power must continue to be absorbed in the plasma from the time of the initial high-Z injection to the time of the LHRF turn-off by examining the radiation. Figure 8 shows the radiated power and the integrated input and radiated energy for the LH CQ-avoidance shot and the LHCD reference shot. The detailed analysis and calibration demonstration for this measure of the radiated power is discussed in Appendix A. This analysis assumes that 100% of the power leaving the antenna is absorbed in the plasma, which means both the 85% in the electron current drive direction and the approximately 15% in the negative n spectrum in the ion current drive direction are absorbed. In the LHCD reference shot, Figure 8b , the radiated power increases during 0.9 < t < 1.4 sec when the LHRF pulse is on, which spectroscopy shows to be an increase in intrinsic molybdenum. The total input energy, summing contributions from Ohmic (OH), LHRF (RF) and a change in stored energy (dW/dt), is 0.45 MJ while the radiated energy is measured to be only 0.25 MJ or 56%, consistent with low-density operations of a high-Z tokamak. For the LH CQ-avoidance shot, Figure 8a , the input energy is 0.28 MJ while the radiated energy is 0.32 MJ or 115%, or effectively all the input energy, including the plasma stored energy, within the precision of the method. For 020, the LHRF energy is two-thirds of the total input energy, so to explain the total radiated energy, nearly all of the LHRF power must have been absorbed into the plasma. Examining 1-D profiles, the radiated power density profile is peaked on-axis and during the reheat the temperature rise is off-axis. Additionally, the continued absences of sawteeth from before the injection implies an off-axis current drive mechanism. These observations indicate power is being deposited off-axis and conducted radially into core where it is radiated. LHRF power coupled to the plasma is necessary but not sufficient to support our claim that LH waves are the key to driving the current that sustains the equilibrium following the thermal collapse. For this we examine the current relaxation and fastelectron slowing down timescales as they evolve in 020 to infer that a process beyond the parallel electric field must be contributing to sustaining the fast electrons to avoid the current from decaying. We use this along with the knowledge that the power was delivered to the plasma (e.g. the energy balance argument) to conclude that LHCD is actively avoiding the transition from TQ to CQ in 1101201020. Figure 9 compares current relaxation and electron slowing down timescales for 1101201020 along with the evolution of V LOOP from 80 ms before the injection until the LHRF is turned off. The value of τ R,OH is a reference value computed from equation (21) in [32] where τ R = 0.21I p R 0 V . The time-evolving τ R is computed using equation (19) from [32] where τ R = µ 0 σ a 2 q /k 2 n , with k 2 n = 12q , a = 0.21 m, and the volume-averaged, neoclassical conductivity σ is computed using [33] and the measured temperature and density profiles. This assumes a Z ef f = 1.8 which is computed during the pre-LHRF phase, making the estimate for σ an upper bound during the LHRF pulse and during the W injections. The drop in temperature leads to a substantial drop in the current relaxation time to <5 ms, sustained for over 100 ms, which quantitatively indicates that current must be continuously sustained. If not continuously fed energy and momentum, the fast electrons could only keep the current maintained for less than and λ ei = λ ie introduced above [23] . Note that this is only the fast-electron slowing down on ions and a further contribution will occur from the electrons, but as they have a complicated distribution function we conservativey avoid using them to construct our arguement. An upper bound on τ S can be computed trivially using the time evolving density and assuming v e = c, which is the blue dash-dot line which is generally 40 < τ S,REL < 60 ms. Note that if the electron-electron collisions are included from equations in [23] , this drops by a factor of two to three. Another measure of the lower-limit of the electron slowing down time is obtained by looking at the non-thermal electron signals on the cyclotron emission radiometers following the turn-off of the LHRF power on the LHCD reference shot, 023, and is estimated to be 5 < τ S,LH < 7 ms. This is consistent with electrons sustained by LHCD being below 1/2 the speed of light, comparing to τ S,REL and the noting the v 3 e dependence. Due to the lack of synchrotron emission but increase in hard x-ray emission, as discussed above, we expect the actual τ S in 020 to be between these τ S,LH and τ S,REL .
The time evolution and magnitude of the loop voltage plotted in Figure 9 are important to be considered in the context of these timescales. While there is an expected synergy between LHRF and the toroidal electric field [34] that could be an important component to explaining LH CQ-avoidance, we need to rule out pure inductive drive or runaway generation possible alternative explanations. The loop voltage increases following the high-Z influx above the level in the Ohmic phase of the shot and into the range of 5-10 times the critical electric field, E CRIT [29] . This is the range that was shown through a multi-machine study cross to be lower limit for the start of runaway production [28] . While still under investigation, recent results have indicated Whistler waves may play a role in requiring a higher electric field than the original Connor-Hastie limit [35] . In Figure 2 , this transient V LOOP increase is correlated with the small, 10% drop in plasma current which may be the response to quenching the small fraction of Ohmic Level Figure 9 : Comparison of various current relaxation, τ R and τ R,OH , and fast-electron slowing down times, τ S,REL and τ S,LH (top) to the evolution of the loop-voltage (bottom) from before the injection until the end of the LHRF pulse.
inductively-driven current. Note that this increase in V LOOP is not present in 019 so it may not be necessary to explain the evolution of 020. After 50 ms the loop voltage decays and there is a phase of 150 ms where the loop voltage is below runaway threshold and 100 ms when it is below the level needed to sustain the plasma Ohmically earlier in the plasma. This is more than sufficient time for a hypothetical runaway electron beam to significantly decay and for the current to quench in the absence of an inductive drive. The conclusion we are left with, given the evidence that the LHRF power is being deposited in the plasma, is that it as also continuing to drive current. Presently, we do not speculate on the mechanism(s) that are necessary for LHRF to drive current in such a post-TQ plasma, such as a phase-space synergy between LHRF and the transient V LOOP rise. Detailed investigation is left as future work which can be guided by modeling.
Discussion and Summary
The results discussed in this manuscript have the potential to improve the tokamak's ability to avoid disruptions that would normally be caused by unplanned and generally unpredictable influxes due to high-Z dust or flakes. This is an important step in demonstrating the engineering basis for long-pulse tokamaks that use refractory metals as plasma facing components. Analysis summarized here is far from sufficient to prove the potential for LHCD as common tool for current quench avoidance. These results need to be reproduced through modeling and simulation as well as further experiments in order to make progress.
There are multiple, mature tools to model the fast-electron response to low-n LH waves in the presence of a time-evolving background temperature [36] . Inital examination of the fast-electron response can be done using an existing 0-D spatial, drift kinetic code such as [37] to look in more detail how the distribution function evolves, in contrast to using simple collisional estimates in Section 3. Increased fidelity is possible using KORC [38] , developed to allow the detailed 3D spatial and 3D phase velocity space evolution of the fast-electron distribution in response to given parallel electric field. The latter can be computed along with examining the macrostability using MHD codes such as M3D-C 1 that are being enhanced to look at injected impurities [39] . While numerical modeling tools may not require new physics, the coupling of these tools to describe plasmas such as those discussed here has not previously been done.
Further experimental confirmation that plasmas with large non-inductive fractions due to LHCD can avoid current quenches from high-Z radiation induced thermal quenches should be possible with a combination of new experiments and re-evaluation of existing data. An examination of the C-Mod database showed a few plasmas with slower than normal TQ to CQ transitions when using LHCD, but those discussed here are the only known examples of a complete TQ and delayed or avoided CQ. There are many other tokamaks which have demonstrated non-inductive operation with LHCD such as JET, FTU, Tore-Supra and EAST. Has a similar result occurred in these devices but gone unreported? Existing data could be examined for plasmas in which LHRF is delivered during an impurity injection where core temperatures were observed drop while density and current remain nominally constant. There also tokamaks operating today with high-Z walls and long-pulse operations that use LHCD such as EAST and WEST. Further demonstrations of the C-Mod results discussed here could be accomplished on those machines through intentional injection by laser ablation or high-Z doped granuale injection, or simply by waiting for a sufficiently large intrinsic flake or piece of tungsten dust to be injected.
Following confirmation, dedicated experiments with detailed fast-electron diagnostics are likely necessary for comprehensive validation of the physics responsible and to explore the relevant range of scenarios where LH CQ-avoidance is useful. The DIII-D tokamak has a range of tools that have been used to study runaway electrons and with the planned installation of a LHRF system [40] , could be a unique laboratory for validation of the physics identified in C-Mod. Even without comprehensive diagnostics, experiments to answer broad questions could be answered as long as high non-inductive fractions can be reached and high-Z material can be routinely and intentionally introduced. The following are seen as key to answer.
• What fraction of the current needs to be driven by LHRF for the full CQ to be avoided?
• What is the range of transient high-Z impurity fractions for which the CQ can be avoided?
• Can the LHRF power be turned on at the start of the thermal collapse or does it need be present prior to the start of high-Z influx?
• Does LH CQ-avoidance indicate that disruption mitigation techniques like shattered pellet injection will work differently in LHCD plasma than in inductive scenarios?
• Is LHCD a unique among non-inductive current drive techniques in being able to avoid a CQ?
We anticipate the last of these to be true because LHCD increases the parallel velocity of the electrons through wave-particle interactions and does not rely on trapped electron mechanisms necessary for electron cyclotron current drive (ECCD) and current from neutral beam injection (NBI). As the temperature collapses in plasmas sustained via ECCD and/or NBI, the electrons will become collisional, the current drive will turn off and the plasma will ramp down on the timescale of τ R . Note the first question on the list is critical to answer to look at compatibility with AT scenarios which have high bootstrap fractions, where the bootstrap current will most certainly be lost as the temperature collapses. If a nearly 100% non-inductive fraction using LHCD is needed and must be in the plasma continuously, then LH CQ-avoidance is unlikely to be useful in reactor scenarios as the recirculating power required will make the system uneconomical in the absence of large increases in current drive efficiency [41] .
In summary, this manuscript has discussed the experimental observations of a tokamak plasma that managed to avoid a current quench despite going through a complete thermal collapse driven by enhanced radiated power from an unplanned influx of high-Z impurities. Prior to the collapse a significant fraction of the current was driven non-inductively by lower hybrid current drive. Evidence is presented showing that LHRF power must continue to be absorbed in the plasma in order to explain the measured radiated power, and that this LHRF power must also drive current due to the stationary plasma current even after multiple fast-electron slow down-times in the presence of very short (< 5 ms) current relaxation times. This evolution suggests a possible mechanism for using LHRF to avoid the deleterious effects of the current quench for the class of unplanned, unforeseen tokamak disruptions caused by high-Z dust or flakes that are likely inevitable in long-pulse scenarios for devices that utilize high-Z plasma facing components. A plan for future experiments carried out on other devices, along with modeling of this Alcator C-Mod plasma is outlined, and is necessary to provide the physics basis for this approach of disruption avoidance.
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Appendix A. Power Balance Demonstration
In Section 3, an important conclusion was reached that the LH power was being absorbed into the plasma, sustaining the plasma current. This Appendix describes the analysis methods used to support the radiation measurement since this is being completed by a Figure A1 : Time history of midplane radiation measurements during the plasmas discussed in the manuscript. Line-averaged emissivity is calcuated from line-averaged brightness, assuming that only r/a < 0.5 is emitting.
non-standard technique and the absolute accuracy is important to document.
Most devices employ a multi-channel, resistive bolometer poloidal tomography system that enables, for axisymmetric plasmas, the accurate reconstruction of the total radiated power. For C-Mod, a tangentially viewing midplane array of resistive bolometers [42] was used, along with multiple tangentially viewing on and off-midplane multi-channel AXUV diode arrays [21] . Additionally a single channel AXUV 100G and a single channel resistive bolometer [43] , housed in a re-entrant tube and given a wideangle view of the plasma, sacrifices spatial resolution for increased response. Referred to as the 2π-diode and 2π-foil, these systems are 'calibrated' in-situ so that plasmas which exhibit radiative collapse are referenced to be at 100% radiated power. For plasmas where high-Z, core emission dominates the radiated power, this can be cross-checked with the absolutely calibrated midplane bolometers [21] .
For the plasmas studied in this manuscript, the midplane resistive system would be ideal for quantitative radiative power measurements, but the use of LHRF prevents this from being accurately determined as a small amount of microwave power is absorbed within the sensors. This is shown in Figure A1 , where the decrease in midplane resistive bolometer signal after t = 0.9 comes from the microwaves heating the reference section of the Wheatstone bridge used to make accurate measurements. This does not occur in the 2π system because the aperture is much smaller than the wavelength of the microwaves used in LHCD. Also evident is the discrepancy between the AXUV diodes and the bolometers, discussed previously in [21] [44], preventing the former from being used for quantitative power balance.
The power deposited on the 2π-foil is determined absolutely, using a comparitor circuit to measure the resistance change and in-situ, in-vacuo Ohmic heating of the bolometer to convert resistance to power. As with other single-channel bolometers, the transient power absorbed is interpreted through a 0-D heat transport model,
where τ is the thermal time constant, S is the sensitivity in Volts per Watt and V m is the measured voltage form signal conditioners. For this analysis the time constant is measured on a shot-to-shot basis using the decay of V m following termination of the plasma and is found to be between 140-150 ms. The energy absorbed can be found by integrating (A.1). The scaling factor, η = P RAD /P abs , combines the basic etendue of the pinhole camera along with a geometric factor for the shape of the radiating plasma as the tokamak does not fully fill the wide-angle view. While this historically has been taken from impurity seeded L-mode plasmas, it can be confirmed for plasmas where the core radiation is expected to be dominating, similar to plasmas of interest for this manuscript.
Two examples are shown in Figure A2 which show the both the 2π foil estimate (black) as well as the radiated power found by integrating the midplane bolometer measurement over the plasma volume, assuming flux-surface symmetry (green). In Figure A2a , this analysis is done for an inner-wall limited plasma with nearly 2 MW of ion cyclotron range of frequency (ICRF) auxiliary heating. This creates a strong Mo source at the inner limiter, increasing radiated power to the level where just enough power is exhausted to maintain the sputtering to keep the Mo fraction constant. The 2π bolometer analysis shows 95% of the energy is radiated, while the core midplane system would give a value of 87%, although the later does not observe the HFS region where the plasma wall interaction is likely to locally increase the radiated power density. In Figure  A2b , an ICRF-heated shot is shown from the operational day prior to data shown in Figure 8 where intrinsic Mo radiation is leading to a cycle of L-H-L transitions in ELMfree H-modes. During this phase the 2π measures the radiated energy fraction to be 66%, consistent with a plasma that varies from 33% to 100% radiated power during the transient H-modes. The midplane bolometer observes 1.39 MJ, which when compared to the 2π corresponds to an average of 69% energy loss in the core and 31% in the divertor, both of which are observed by the 2π system. These examples show that the accuracy of 2π bolometer estimate of the energy loss is expected to be accurate at the 10% level, which is sufficient to support the claim in Section 3 that the radiated energy exceeds that stored in the plasma and indicates a significant fraction of the LHRF power that is launched must be absorbed in the plasmas as it is then radiated by the tungsten. 
